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The modification of refractive index in GaAs by 0+ ion implantation 
has been investigated. The increase in refractive index after implantation 
and annealing allowed us to fabricate slab waveguides in GaAs by MeV 0+ 
implantation. The existence of waveguiding effect in the implanted layer 
i 
was confirmed by coupling a laser beam at 1.3^un into one end of the 
waveguide and collecting the fundamental mode near | field pattern at the 
exit end of the waveguide. In this project, conditions for successfully 
fabricating a waveguide on GaAs by 0+ implantation have been 
established. A few software packages were also developed to calibrate and 
correct the camera-recorded signal, to analyze and display the light intensity 
profile, and to convert the light intensity profile into a refractive index 
profile using a scalar version of the wave equation. The end result was the 
first observation in the world of successful waveguiding effect in 0+ 
implanted GaAs. This can be a very important step in the long march 





The modification of material properties by ion implantation enjoys 
many advantages such as: reproducibility, uniformity, and speed of the 
doping process; a well controlled dose rate ( < 1% variation over the dose 
range of 10ll - 10l7 cm"z ) and dopant profile; less stringent requirements 
on dopant source purity because of the use of mass separation; avoidance 
of high temperatures during the implant process itself; and the ability to use 
simple masking methods ( oxides, nitrides or photoresists ) [1]. In recent 
years ion implantation has been applied to the fabrication of optical 
waveguides because of these advantages [2]-[8]. Waveguide lasers 
fabricated on Nd: YAG by helium ion implantation [4]-[6], and waveguides 
fabricated on LiNbC>3 by titanium ion implantation [7][8] have been 
reported. Yet most of these works are on dielectric materials, and there is 
still not much reported work on the fabrication of waveguides in 
semiconductors by ion implantation. The importance of waveguide 
fabrication on semiconductors arises from the need to integrate active and 
passive optical elements on the same chip to realize integrated photonic 
circuits. 
Recently, impurity induced disordering or induced collisional mixing 
has been used to improve the lateral waveguiding effect in the fabrication of 
laser diodes having multiple quantum wells or superlattices. In this case, 
diffusion is predominantly chosen over ion implantation for the disordering 




in order to penetrate a thick layer structure [9]-[ll], This disordering 
process is effective only if the structure consists multiple thin layers such as 
in a superlattice or multiquantum well structure. So far, there has been just 
one report on the fabrication of waveguides in bulk GaAs by hydrogen ion 
implantation [12]. However, in that piece of work, protons are used because 
they can penetrate a depth of 3|am with a mere accelerating voltage of 
300kV. The difficulty with protons is that they can diffuse very easily when 
the wafer is heated to moderate temperatures. In order to make sure that the 
waveguiding properties will not be lost under normal GaAs processing 
temperatures, implantation using an ion species different from proton has to 
be developed if the advantages of ion implantation are to be exploited in the 
fabrication of integrated photonic circuits. 
An obvious choice for an implant species into GaAs is Be [13], as it 
is lighter than most of the common implant ions into GaAs with the 
exception of proton. However, it acts as a p-type dopant in GaAs and makes 
i； j 
the implanted GaAs conductive even if it were not so before implantation. 
Consequently it is not the most desirable species for making waveguides in 
GaAs. On the other hand, oxygen ions are well known for creating highly 
resistive materials in GaAs [1] and they are light enough so that they can go 
as far as 1.4jjm at an accelerating voltage of 1 MV [14]. Therefore our 
investigations are carried out with oxygen ion implantation. 
In this project, we prepared two sets of ion implanted GaAs samples. 
One set is just for the investigation of the change in refractive index due to 
2 
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0 + ion implantation in GaAs. The other set is for forming slab waveguides 
by a multiple-energy implantation. 
The investigation of the change in refractive index required accurate 
measurements of the refractive index. Although there is an ellipsometer in 
I 
our laboratory, its performance and accuracy are not sufficiently good. We 
had to modify the sample holder in order to iinproye the measurement 
accuracy. Furthermore, the ellipsometer operates at 633nm while most 
existing communication systems use 1.3|im. Consequently, we had to 
develop another refractive index measurement technique for 1.3 jam. The 
method we used was simply measuring the reflectance of the sample when 
it was irradiated with a laser beam at 1.3JLUII at near-normal incidence. By 
assuming a transparent film, we were able to calculate the refractive index 
with fairly good accuracy from the measured reflected power without the 
need for modeling a multilayer structure. 
Once we were convinced that the refractive index change created by 
0+ implantation was large enough to enable a slab waveguide to be 
fabricated [15], we designed a structure to be formed by MeV 0+ 
implantation at multiple energies. The MeV 0 + implantation was carried 
out at Beijing Normal University. 
The crucial experiment was then to check for the existence of 
waveguiding effect in the implpted GaAs. This involves coupling the light 
source into the waveguide, collection of the guided light output at the exit 
3 
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Introduction 
end of the waveguide, conversion of the camera signal into a real intensity 
signal, and calculation of the refractive index profile from an intensity 
profile. In order to make sure that the calculated results are true, many 
calibration steps were performed using standard samples and samples 
whose parameters have been determined earlier by other methods. 
In the end we were able to confirm the existence of waveguiding 
effect in our 0+ implanted GaAs samples. We were even able to obtain the 
shape of the refractive index profile of the GaAs slab waveguide from the 
intensity profile by using a numerical software developed by a final year 
project student [16]. The shape of the refractive index profile agrees with 
the prediction from the ion implantation condition. This is the first time that 
a slab waveguide formed by 0+ implantation in GaAs has been successfully 








2.1. Optical Waveguide 
2.1,1. Optical Waveguide Classification 
Optical waveguides are structures that are used to confine and guide 
optical waves in guided-wave devices and integrated photonic circuits. 
There are many structures that can form an optical waveguide. For example, 
a thin film deposited on a transparent dielectric substrate can act as an 
optical waveguide if the refractive index of this film is higher than the 
refractive index of the substrate. Fig. 2,1 shows this structure together with 
its index profile, where the refractive indices of the cladding layer, guiding 
layer, and substrate are nc, nf，and ns, respectively. Light cannot be guided 




Cladding A layer (nc) 
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(a) Basic optical-waveguide (b) Step-index type (c) Graded-index type 
structure 
Fig, 2.1 2-Dimensional Optical Waveguide 
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unless nf > ns，nf > nc, and the thickness，T, of the guiding layer is above a 
certain critical thickness. The waveguide in Fig. 2.1 (a) is a 2-dimensional 
(2-D ) optical waveguide ( or a slab waveguide ) because light confinement 
takes place only in the x direction. Two different types of 2-D waveguides 
are shown: (1) a step-index waveguide, in which the index changes abruptly 
I 
with the depth [Fig.2.1(b)]，and (2) a graded-index waveguide, in which the 
index changes gradually with the depth [Fig. 2.1(c)]. 
V 
(a) Cb) 
Buried 3-D Optical Waveguide Kidge 3-D Optical Waveguide 
Fig. 2.2 3-Dimensional Optical Waveguide 
In 2-D waveguides, since light is confined in the x-direction only, the 
lateral width of the guided-light expands due to diffraction during 
propagation. On the other hand, in order to achieve efficient light 
modulation and switching, additional light confinement in the lateral y-
direction is required. The waveguide in which light is confined in both the 
x- and y- directions is called a 3-D waveguide (or a channel waveguide). 
Fig. 2.2 shows two kinds of 3-D waveguide structures. Just as in 2-D 
6 
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waveguides, the index change along any one of the two axes in 3-D 
waveguides can also be abrupt or gradual. 
2.1.2. Analysis of Step index 2-Dimensional Waveguides. 
We use the classical Maxwell's equations to analyze the 2-D step 
index waveguide. As follows, we will discuss the guided modes' cutoff 
condition and their energy distribution. This is in preparation for our design 
and testing of optical waveguides to be discussed later. 
(1) Wave Equations 
Generally, Maxwell's equations can be written as : 
L ^ dB 
V x E = 
at 
口 TT dD T 
‘ JVxH =——+ J . f S ^ ^ K ^ 
dt 
• D = p 
’ y -B=o : . 耀 
It is assumed that the guiding layer is homogeneous and isotropic, and there 
is no charge source and current source in this medium. Then Maxwell's 
equations can be written as 
• • i » 
• j • 
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• x E = - 雯 (1) 
dt 
^Vpx 
, V x H = — (2) 
dt v ) 
• •D = 0 (3) 
• •B = 0 (4) 
If the optical wave propagates along the z-direction with an angular 
velocity of tu, we obtain; 
E(z，t) = E(z)e"•細 
B(z,t) = B(z)e~iTOt 




V x E = mjj,H (5)； 
V x H = -ivseE ( 6 ) 
' V - E = 0 (7) 
V-H = 0 (8) 
from (5) and (6) we have: 
V x ( V x E ) = IU2JLISE 
••• V x (V x E) = V(V • E) - V2E = -V 2E 
.. .V2E + k2E = 0 
where k = XU^ /JIB. 
Similarly, from (2) and (1) we can get 
• 2 H + k2H = 0 
8 
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where k 二 tu^/ias. 
From here, we get the optical wave propagation equation in the 2-D step 
index waveguide: 
V2E + k2E = 0 (9) 
V2H + k2H = 0 (10) 
and the solutions of these equations must satisfy: 
'V-E = 0 
< V-H = 0 
Assume that the optical wave is a plane wave, and propagates in a 
planar optical waveguide along the z-direction, the amplitude of the optical 
wave should change along the x- and z-directions. Along the y-direction, it 
is uniform. The field solutions can be written as; 
E = E(x)eaCzZ (11) 
H = H(x)eikzZ (12) 
Substitute them into the Eq. (9) and (10)，we can get: 
| ^ E ( x ) + (k 2 -k^)E(x) = 0 (13) ox 
| ^ H ( x ) - f ( k 2 - k ^ ) H ( x ) = 0 (14) 
ax 
where k2 + k2x. 
By now we have got the wave propagation equations in the planar 
i . 





mode. For TE mode, it consists of the field components Ey, Hx, and Hz. 
And for the other mode - TM mode, it has Ex, Hy, and Ez. From Eq. (13) 
and (14)，the wave equations of these two modes can be written as: 
TE Mode TM Mode 
尝 + (k2 一 k 机 = 0 尝 + (“机=0 
„ 一 P T, P 
Hx = 一 E Ex = 2 ^y 邵 0 co80n ^ 
“ T 1 3EV I l 9HV H z = - • y Ez = , 2 ~ l itjjjj^ 5x [ itns0n 5x 
The field solutions and the boundary conditions at the interfaces 
x = -T and x 二 0 lead to eigenvalue equations that determine the propagation 
characteristics of the TE and TM modes. 
(2) Dispersion of the Guided Modes 
.� I I； I r 
'I:'. y. 
We, have discussed the wave propagation equations and got two 
independent modes. We will solve their equations and find out the 
dispersions of these two guided modes. Only TE mode will be discussed in 
detail, because the same analysis can be applied to the TM mode. 
For the TE mode, from its wave equations, the field solutions can be 
written in the form as : 
10 
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E = Ece"YcX, x > 0 ( in the cladding layer ) 
，Ey = Ef cos [kxx + (|)c]， - T < x < 0 ( in the guiding layer) 
E = EseYs(x+T), x〈一T ( in the substrate ) ‘ y 
where yc = k j ^ 2 - n 2 c , kx = ko A /n?-N2，y s = k o A /N 2 -n ;，N = k0 
is the propagation constant in free space, and N is the effective index of 
modes. Consider the boundary condition: Ey and H z are continuous at 
x = 0，and x = -T，we get [17]: 
'EC = Ef cos (|)c [Es = Ef cos (k x T- (|>c) 
< Y and s V 
] t m ^ c = j f - tan(kxT-(t>c) = ^ -
. KX I x 
！: 
From the relationship listed above, the eigenvalue equation can be written 
as [17]: 
kxT = (m+l)7c - t a n " 1 ^ ) - t a i r 1 ^ ) 
YS YC 
where m 0，1，2 ..... denotes the mode number. Here we can see: when the 
indices of the waveguide material and the guide thickness T are given, then 
kx，yc，Ys c a n be obtained, and then we can get the energy distributions of 
different modes in this 2-D step index waveguide. As shown in Fig 2.3 is 
the distribution of TE0, TEi and TE2 along the depth of the waveguide with 
n c = 1，nf = 3.45, n s = 3.4 and T = 3|om, Later, we will use this method to 
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Fig. 2.3 TE Mode Intensity Distribution in 2-D Step Index Waveguide 
From the eigenvalue equation listed above, after substituting the 
normalized frequency V, the normalized guide index bE, and the waveguide 
asymmetry measure ag into the equation, it can be written as [17] 
V ^ P b ； = (m + l)n - tan" 1、！^ - tan"1 J - ^ - (15) 
V bE V bE+ aE 
V，bE and aE are defined as 
V = k0A/nf2-ns2 
b E =(N 2 -n s 2 ) / (n f 2 -n s 2 ) 
and 
aE = ( n X V ( n ? - n s 2 ) 
respectively. ！ 
I j 





^ X X X ： -
ns 
(a) Guided mode8s<0<90° 
nc 
^ ； ^ ^ ； ^ � n s 
(b) Substrate radiation mode 0c< G < 0s 
^ ^ ^ ^ n � 
, A / y v \ -
\ X \ ^ X ns 
(c) Substrate-clad radiation mode e < 0c 
Fig. 2.4 Zig-zag wave description of “ mode " propagating 
along an optical waveguide 
By the zig-zag wave description of "modes" propagating along an 
optical waveguide, as shown in Fig. 2.4 and assuming nf > n s > nc, we can 
see that, if the incident angle 0 is smaller than the critical angle of the 
substrate 0S，i.e. 0 < 9S < 90°, then according to Snell's law, the incident 
light will not be totally reflected into the film at the film substrate interface, 
and will leak into the substrate. That also means the mode cannot be 
I 
supported by the waveguide. For the situation of the incident angle 0 = 9S, it 丨 3 t 
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Fig. 2.5 The Critical Thickness for Supporting Various 
Numbers of TE Modes 
kz = k sin9s = k0nf sin0s 
k 
N = — = nf sine, = nq 
*s I s s 
k o 
b E = 0 (16) 
Substitute Eq. (16) into Eq. (15)，we have 
V = —— taiT1 J — 
2 p E 
Then the cutoff value V m can be written as: 
Vm = V0 +m7i, V0 = tan-1 
where V0 is the cutoff value for the fundamental mode. If a mode of mth 
order exists in the waveguide, then the normalized frequency V of the 
14 
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waveguide must be in the range of [ Vm，Vm+1 ]. From here, we can get 
every mode's cutoff condition. That means if we want the waveguide to 
support a mode, then from the mode's cutoff condition, we can get the 
i 
values of the waveguide's parameters which they should satisfy. Then we 
I 
can design a waveguide. Fig. 2.5 shows the relatiohship between the 
thickness and refractive index of the wave guide film； on GaAs for it to 
support one to four TE modes. Later, we will use these curves to help us 
design our waveguides. 
For the TM modes, the analysis is similar to the preceding 
derivation. We can also get the modes' cutoff conditions and distributions. 
From the TM mode propagation equations: 
E = 一 丄 H E = 
^x 2 y ‘ ^z • 2 
xu80n jxn80n ok 
The solution to these equations can be written as: 
H y = H c e 一 Y c X ， x > 0 ( in the cover) 
s Hy = Hf cos(kxx+ (|)c), ~ T < x < 0 ( in the guiding layer) 
Hy = HseY'(x+T), x < - T ( in the substrate) 
where the definitions of the parameters are the same as in TE modes. 
15 
Optical Waveguide 
Just as in the analysis of the TE mode, we can get the eigenvalue 
equation[17]: 
k T = (m + l)7i-tan"1 ( ^ ) 2 ( ^ - ) — tan"1 ( ^ ) 2 ( ^ ) 
n f Ys % Y c 
If the waveguide's ns? T，nc and nf are known, we can get the TM mode 
distributions. 
In the same way, if we define the normalized frequency V，the 
normalized guide index bM and the waveguide's asymmetry measure aM as 
follows [17]: (V i s same as defined in TE mode )， 
n n ~ n s nsqs 
<< 
^ 2 N 2 
qs = ( — ) + ( — ) 一 1 
, nf ns 
and 
Q — n s ~ n c n f 








then we can write the resulting normalized eigenvalue equation as [17] 
vjV^Wl^/^ = ( m + ^ 一 t a n _ 1 J ^ 一 ' ~ n M h 石 
[ JJ V bM VbM + a M ( l - b M d ) 
j 
i I I 
. ！: ‘ 




[ f n Yl f f n f 1 
d = < 1 — ~- >< 1 — ~~- I 
Vns J Vnf J v y K y 
And we can also get the cutoff of Vm as: 
Vm = V 0 + m ^ Vo^t^V^M 









Optical Waveguide Measurement 
2.2. Optical Waveguide Measurement 
2.2.1. Refractive Index Measurement 
(1) Ellipsometry method 
When a plane polarized light is reflected from a sample surface, 
changes will be produced in both its amplitude and phase, and the reflected 
beam will become elliptically polarized. If the constants of the ellipse can 
be determined it is possible to calculate the optical constants of the 
specimen. The samples to be measured can be bulk materials or films, and 
they can be absorbing or non-absorbing to the light used for measurement. 
Here, we only discuss the measurement of bulk materials. 
I 
! 
f Sample \ 
Polarizer Compensator 
Depolarizer ^ ^ ^ X . Attenuator 
/ V Detector 
Fig. 2.6 The Experimental Arrangement of the Ellipsometry 
Measurement System 
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Shown in Fig. 2.6 is a typical experimental arrangement of the null 
ellipsometer. This is the most commonly used instrument in ellipsometry. 
The output beam from the light source becomes linearly polarized as it 
passes through the polarizer. This linearly polarized light can be separated 
into two components that are parallel and normal to the incidence plane 
respectively. And in addition, they are in phase. After being reflected from 
the sample surface, the amplitude and phase of each component will be 
altered. And the reflected light will become elliptically polarized. By 
adjusting the polarizer, both the magnitude and the direction of the elliptic 
axes will be changed. At one position, after the reflected light passes 
through the compensator, the elliptically polarized light will be changed 
back to linearly polarized, and then it enters the analyzer. By adjusting the 
analyzer to nullify the light passing through it, we dan get a group of 
i 
positions of the polarizer and the analyzer, P and A respectively. For every 
fixed compensator position, we can get two groups of P and A. They are PI, 
A1 and P2, A2 respectively. From these data we can calculate the light's 
phase and amplitude change after reflection and then get the parameters of 
the sample. The calculation equations are as follows [18]: 
A = -(P1+P2), x¥ = - ( A 2 - A 1 ) / 2 
tan0sin0[l-a2" 
n == ： • 
1 + a2 +2acosA 
. 2a tan 9 sin 0 sin A 
k = z 丨 1 + a + 2a cos A j 
19 
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Fig. 2.7 Refraction and Reflection of the Incident Beam 
at the Media Surface 
where n is the real part of the material refractive index, k is the imaginary 
part of the material refractive index, a = tan ^ and 0 is the incident angle. In 
this project, the samples' refractive indices at 633nm are measured by this 
ellipsometry method. 
(2) Reflectance Method 
Measuring the reflectivity of a light beam at the sample surface or 
interface is a very easy but effective method to get the sample refractive 
I 
index. The theory of this method is derived from the Fresnel equations. As 
I § 
shown in Fig. 2.7, Ei，Er and Et represent the electric field intensity of the 
t： 
incident, reflected and transmitted light beams respectively. The 丄 and // 
symbols represent the polarization direction normal and parallel to the 
plane of incidence. According to Fresnel equations, 
20 





/ n —cos 0j——Lcos 0t � = I I = i i t A 
V
E
i )n cos 0 t + ^ c o s 0j 
r N —COS 0j - — cos 0t 
r 一
 E r ^t 
I 丄 — — 一 
丄 也 c o s G i + ^ c o s 0t 
where r is the amplitude reflection coefficient, nj, n^ i兹 the refractive index 
and jij, j^ t is the permeability of the media in which the incident and 
I ；; f 
transmitted light beams reside respectively, and 0i? 0t is the incident and 
i 
reflected angle. These two expressions are general statements which can 
apply to any linear, isotropic, homogeneous medium. Because the media we 
measured always have m = m = ^ , the Fresnel equations can be simplified 
as : 
nt cos 0； 一 n： cos 0t 
iij cos 0t +n t cos 
n； cos 0： —nt cos 0f 
r 丄 = _ j 1 i L 
iij cos 9j + nt cos 0t 
About the Fresnel equations, there are some points we should pay 
attention to : 
i 
21 
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1. ni and nt can be complex numbers. That means light can be absorbed by 
the medium. And so, r" and r丄 can also be complex numbers. Therefore 
the reflected light will be changed not only in amplitude but also in 
phase. 
2. If the absorption coefficient of the material is only tens to several 
hundred dB/cm，then the imaginary part of the index will be very small. 
According to Fresnel equation, its influence on the reflected radiation 
I 
will also be very small，and can be neglected. The relationship between 
i J 
the material's absorption coefficient and the imagiiiary refractive index 
can be written as: I 
a = 2MK/X ( N p / c m ) 
where a is the absorption coefficient From this equation, if we assume 
k is 1，then a = 27in / A, ( Np / cm ) = (2NN / X) x 8.69 ( dB / cm ) = 106 
dB/cm, which is a very large number. Conversely, if a is in the range 
10 � 1 ( ) 3 dB/cm, then k will be very small. 
3. FromTFresnel equations we can obtain the reflectance of the light beam 
incident on the surface of GaAs with its polarization directions parallel 
and normal to the incident plane, as shown in Fig. 2.8. The wavelength 
of the light beam is 1.3jjm. From this figure we can see, as the incident 
angle varies in the range 0 �5 0 ， the ffect of the polarization direction 
on the reflectivity is very small. In this range, the reflectance is 
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M ^ 7 1 
0 .8 • ——R丄 / ‘ 
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Fig. 2.8 The Reflectance Versus the Incident Angle 
n t + n i 
If we can use this characteristic in our measurement, it will bring us a 
lot of convenience. From the equation above, the refractive index is 
1 : giv，n by: 
• l + rN 
( • nt = iij -
； ' l - r N 
4. We know that as the beam is incident into the medium, it will be 
reflected at the surface of the medium and at the interface between two 
different media. So, as the light beam strikes transparent film, the 
23 
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PrO Prl P12 Pr3 w \ \ \ 
Ptl\ Pt2\ Pt3\ 
Fig. 2.9 Reflection and Transmission of an Incident Beam at a Film 
reflected beam will include the beams which are reflected from the film 
surface and from the interface between the substrate and the film. As 
shown in Fig 2.9, the total reflectivity should be as: 
； P ro+E[Pmcos(n0)] 
I? — IHI 
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where T s is the transmittance at the film surface, R s is the reflectance at 
the film surface, Rg is the reflectance at the interface and 9 is the phase 
difference between P^，Prl，Pm and Pm小 and n = 1，2，3.… 
The part of reflectance due to the influence of the reflection 
from the interface between the film and substrate is given by 
oo 
AR = ^][R r a cos(n0)]. If we let nj = 1，nf = n s +0.05，ns =3.4，then 
n=l 
from the equation above, we have 
R to ta l= 0.303+ AR 
where -2 .6x 10"5 ^ AR<2.61 x 10一5. Compared with Rro (0.303), AR 
is very small and will cause negligible error in the calculation of nf. 
Thus we can treat the film as if it is bulk material in our calculation of 
its refractive index from the reflectance data. 
(3) Waveguide Method 
The method of excitation of a waveguide to measure its material 
properties is easy to perform, and its accuracy is also high. At present, the 
most commonly used methods for excitation of a waveguide are the end 
coupling method and the prism coupling method. 
1. Prism Coupling Method [19] 
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Fig. 2.10 The Guidedwave Coupled in and Coupled out by Prisms 
The operation principle of the prism coupling method is as shown in 
Fig. 2.10. A prism with a refractive index np, which is higher than the 
waveguide index, is put in close proximity on a waveguide with a thin gap 
layer (air) of index in between. The propagation constant, p, along the 
waveguide plane (the z direction ) of a light beam incident onto the bottom 
of the prism at an angle 0 is given by 
P = npk0 sin0, where k0=27c/入 (17) 
The angle 0 in the prism is correlated with the angle outside the prism 0' 
through Snell's law as 
nc sin(0'-a) = np sin(0 一 a ) 
where a denotes the toe angle of the prism. If there is no waveguide under 
the prism, the beam of incident angle 0 satisfying p / k > is totally 
reflected at the bottom of the prism and penetrates as an evanescent wave 
into the medium of index r^. In the structure shown in Fig. 2.10，when 0 is 
adjusted so that p given by Eq.17 equals the propagation constant of a 
guided mode, the guided wave is excited through the distributed coupling 
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resulting from phase matching between the evanescent wave and the guided 
mode, The incident beam is then no longer totally reflected. Since the 
propagation constant is in a range n f > P / k > nc and ns, the phase-matching 
condition can be satisfied using a prism with an appropriate index np > nf 
” ' . . . . ： i » • . . . I ！ and a suitable angle a. 
incident beam ^ ^ ^丨阳 � 
t ^ W ^ r T T ^ 1 1 1 ^ output b e a r n ^ ^ 
t 
Polarizer H / 
\ n r / Photodetector 
\ \ \ / 7
 o r S c r e e n 
Fig. 2.11 Experimental Configuration for Guided Wave Excitation 
Using Prism Coupling 
For output coupling, it is just the inverse of input coupling. When 
light arrives at the output prism, it enters the prism and is coupled out. The 
experimental configuration for prism coupling is shown in Fig. 2.11. If the 
waveguide supports multimodes, then we can see multiple lines on the 
screen. And then we can get the incident angle 9' for every excited mode. 
From the incident angles, the modes' effective index can be calculated, and 
then we can get the refractive index profile very accurately. [19] 
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In order for this method to succeed, the coupling prism must have a 
higher index and the waveguide should at least support a few modes. The 
refractive index of the waveguide in the present project is as high as 3.5. 
That means a prism with a refractive index higher than 3.5 is needed. It is 
difficult to get such a prism. It is also difficult to achieve multimode 
waveguides in this project. In the end, this method is abandoned in the 
entire project, 
2. End - Coupling Method p0]-[22] 
The simplest method for excitation of a guided wave is the end-
coupling method. As shown in Fig. 2.12，a light wave with a profile similar 
to the guided-mode profile is fed into the end face of a waveguide. Coupling 
is localized at the waveguide end. After the beam has been coupled into the 
I 
optical waveguide at one end, it will propagate in the waveguide and come 
out at the other end. From this end, we can see the mode's output near field 
and far field pattern. 
2W Lens 
1 / Waveguide layer 
b 
, . 1 Substrate f 
Gaussian Beam 
Fig. 2.12 End Coupling of a Gaussian Beam 
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As we have discussed above in the waveguide tiheory, the different 
index profiles will cause different energy distributions in different modes 
whose output field patterns will be different. That means different index 
profiles correspond to different output mode field patterns. On the contrary, 
if we know the output mode field pattern, then we can get the index profile. 
This is the principle on which we base our waveguide measurements. 




Lens Fiber Waveguide Lens Screen 
I j I 
Fig. 2.13 Experimental Arrangement of End Coupling System 
Fig. 2.13 shows the experimental arrangement for measuring the 
waveguide propagation mode's near field pattern by the end coupling 
method. Birefringence generally does not exist in the common 
semiconductors like Si and GaAs. Therefore the analysis of waveguides 
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fabricated with these materials is the same whether using the TE or TM 
mode pattern. In this project, we use TE mode for our calculation of the 
waveguide refractive index. So, we only discuss refractive index calculation 
from the TE mode's near field pattern. 
.,, •« ‘ •， . . . . 
From the discussion in the Section 2.1, we derived the vector-wave 
equation. If we assume that the index does not change too abruptly with 
position and that any depolarization effects can be neglected, the scalar-
wave equation is an adequate approximation [20]; 
V2vj/(x,y, z) + (27un(x,y) / XJ2 M/(x,y,z) = 0 (18) 
where \\t( x，y，z ) is the electric field amplitude of the fundamental mode, 
n( x，y ) is the refractive-index distribution and is effectively constant along 
the direction of propagation z, and XQ is the free-space wavelength of the 
waveguide radiation. Assuming a mode solution 
v|/(x,y,z) = A(x,y)ei(Pz-wt) (19) 
(18) becomes 
V^A(x,y)+ y ) - P 2 -A(x,y) = 0 (20) 
L 入o _ 
Equation (20) is an eigen equation, similar in form to the Schroedinger 
equation, where p is its eigen value and is the two-dimensional 
Laplacian in x and y. 
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For a physically reasonable solution, we require that A( x, y ) -> 0 as 
I x I or I y I -> oo. In that case[20] 
- - i 2 
p2> 27in0 
_入0 _ 
where no is the substrate index. Also, if n(x, y) is real (absorption is 
neglected )，P must also be real. With all of the coefficients of (20) being 
real everywhere, A(x,y) can be chosen real. The intensity distribution of the 
fundamental mode has no zeros and, therefore, is always of one sign. Since 
A(x,y) and VA must be continuous functions ( to be a solution to (20)) and 
the intensity distribution of the fundamental mode has no zeros, A(x，y) is, 
therefore, exactly proportional to the square root of the mode intensity. 
Equation (20) then becomes 
(21) 
> o � AA(x，y) 
where I(x,y) is the observed intensity distribution of the fundamental mode. 
This provides a direct method for determining the refractive-index 
distribution n(x,y), from the intensity pattern I(x,y) of the fundamental 
mode. If the ratio on the right hand side of (21) can be measured outside the 
waveguide region where n(x，y) -> no, then p can be calculated. The 
refractive-index distribution then can be known on an absolute scale. 
2.2.2. Loss Measurement 
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In the optical waveguide measurements, the waveguide's propagation 
loss is an important parameter. Although waveguide loss will not be 
included in this project, the measurement methods will be described here. 
(1) Cut-Back Method [23] 
This is a very simple method for measuring the transmission losses. 
Fig 2.14 is the experimental arrangement. The transmission losses are given 
by : 
a = [l0log(P1 /P2)/(L1-L2) | [dB/cm] 
where Li and L � i s the length of waveguide before and after cutting, and ？ \ 
and ？2 l s the measured waveguide output power with their length being L\ 
and L2, respectively. For this method, a very important point is the high-
quality waveguide edges. This is tfie guarantee for getting equal I/O 
coupling efficiencies in each measurement. 
Waveguide 
Lens 丨 Lens ^ 
LWK) < [ • z p 
» 一 - - - 飞 � y I ~ 
L _ J � � I 
J / Photodetector 
Cutting Spatialfflter 
Fig. 2.14 Measurement of Transmission Lose by Cut-Back Method 
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(2) Prism-Sliding Method [24] 
The basic principle of this method is same as the previous method. 
By sliding the prism on the waveguide, different transmission lengths can 
then be obtained, and thus the transmittance can be compared. Fig. 2.15 
shows this method's experimental arrangement. An important requirement 
for this method is that nearly identical output efficiency must be maintained 
at various output positions during the measurement in order to maintain 
constant coupling efficiency. 
Photo detector 
^ 
^ ^ Input prism Output prism 
Y - J r S 丨汁丁 
< m Matching liquid 
Waveguide 
Fig. 2.15 Measurement of Transmission Loss by Prism Sliding Method 
(3) Scattering - Detection Method [25] 
The brightness of a guided wave streak ( i.e. the scattered-light 
intensity ) is proportional to the guided - light intensity at each point, 
provided that the waveguide is uniform. Measurement of scattered - light 
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intensity distribution along the propagation of a guided wave therefore 
enables determination of propagation losses. Fig, 2.16 shows this 
measurement's arrangement. 




^ ^ / n /[^canning Recorder 
应 
Waveguide 丨 > L 
Fig. 2.16 Measurement of Transmission Lose by Scattering 
Detection Method 
(4) Fabry - Perot Cavity Method [26][21] 
Fig. 2.17 (a) and (b) show a Fabry-Perot Cavity and the experimental 
arrangement for measuring tfie cavity transmittance. As the optical beam 
enters into the cavity, it will be reflected at the two ends. P1? P2 ,…are the 
transmitted beams at end 2. As we change the cavity length, the phase 
difference between P b P 2 ,…wil l also be changed. With the change of 
phase, Pi, P 2 , … w i l l interfere with one another constructively and 
destructively to create maximum and minimum in the detected light power. 
By measuring the difference between the maximum and minimum power, 
we can get the propagation loss in this cavity. 
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(a) Fabry-Perot Cavity 
Laser Lens Waveguide Lens Screen 
Heat I 
r ( a j \ u \ ( j I 
(b) Experimental Arrangement 
Fig. 2.17 Measurement of Transmission Loss by Fabry-Perot Cavity 
Method ( by heating ) 
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2.3. Ion Implantation and Annealing 
As ions are implanted into the substrate, the different ion mass and 
the different implantation energy will produce different dose profile and 
damage profile in the substrate. S. J. Pearton [1] and P. N. Favennec [14] 
have done a lot of research on this. From P. N. Favennec's report [14], as 
the ion is implanted into the substrate with a definite energy, its 
concentration distribution in the substrate should be a Gaussian profile with 
depth. The distribution of implanted atoms, n(x)，with depth can be written 
as 
= N 讓 ( 2 2 ) 
p _ 
� T 0 .399x0 
N •= 
_ ARp 
where Nmaxi is the maximum concentration, Rp is the projected range, ARp 
is the standard deviation of projected range ( or straggling ) and O is the 
dose. As RP and ARp is definite, the whole distribution profile is then 
definite. Both RP and ARp are related to the ion mass and the implantation 
energy. Table 2.1 shows the value of RP and ARp for oxygen ions 
implanted into GaAs with different energies. The dose profile can be 
calculated from the data in Table 2.1，Eq. 22 and the implantation energy. 
During ion implantation, the energetic ions will make many 
collisions with the lattice atoms before they finally come to rest. During this 
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Table 2.1 The Projected Ranges and Stragglings of 0 + in GaAs 
with Different Implantation Energies [14] 
Energy (keV) Projected Range (jam) Straggling (fim) 
20 0.04 0.017 
, , 40 0.08 — 0.035 
60 — 0,12 0.05 
80 0.16 0.07 ~ ~ 
100 一 0.20 0.08 
120 0.24 0.09 — 
140 0.28 0.10 
160 0.32 0JA 
— 200 0.40 0.13 
“ 2 5 0 0.50 0.15 “ 
300 0.60 0^6 
350 0.70 0.17 
400 0.80 0.18 — 
500 0.96 0.19 — 
600 1.10 0.20 
— 7 0 0 1.20 — 0.20 — 
800 1.30 0.21 — 
900 1.36 0.21 
1000 1.40 0.22 
process, sufficient energy will be transferred to the lattice to displace the 
atoms and the disturbance of atomic bonds will result in damage in the 
implanted substrate. As the implanted ions produce a concentration profile， 
they also produce a damage profile, and the damage profile is always closer 
to the substrate surface than the concentration profile. Because every 
implanted ion will produce damage in the substrate, as the number of ions is 
increased, the damage produced by the implanted ions will also increase. 
When the implanted ion dose rate exceed a certain level, the implanted layer 
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will become amorphous. For oxygen ion implanted GaAs, its critical dose is 
about lxl0 1 5 /cm 2 t1!. 
i ‘ 
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Fig. 2.18 Schematic of Damage Removal and Dopant Activation Steps 
in Implanted GaAs 
Because the crystal structure will be damaged by ion implantation, 
its absorption and scattering of the light beam will be increased. In order to 
lower the optical loss in such materials, defects removal is very important. 
That means annealing is required for the implanted samples. There are 
many kinds of defects, such as point defects, twins, stacking faults and 
some other types. These different types of defects are generated at different 
energies. Similarly, removal of these defects also require different energies, 
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S i.e. different annealing temperatures. Shown in Fig. 2.18 are the required 
annealing temperatures for removing various kinds of defects [1]. From this 
figure, we can see that annealing around 500°C helps recrystallization of the 
amorphous GaAs, and removes defects such as twins and stacking faults. 
Yet dislocation loops are not annihilated until the annealing takes place 
above approximately 700�C. 
» 
At present, there are various annealing technologies, like Adiabatic 
Annealing, Thermal Flux Annealing and some other kinds. Among these 
technologies, Rapid Thermal Annealing (RTA) is a recently developed one. 
RTA involves raising the temperature of the substrate to a range of 500°C to 
1100°C in a few seconds, holding the substrate at these temperatures for 5 
to 30 seconds and then rapidly cooling the substrates. In this technique the 
dopant profile broadening is restricted to a few hundred angstroms. Thus 
RTA offers a good compromise between keeping a tight dopant profile and 
removing defects. In this project, our samples were annealed by RTA. 
( 
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2.4» Theory of Refractive Index Change 
From the microscopic model of an optical wave propagating in 
a material, we can expect that the refractive index should be related 
. . 1 
to the characteristics of the material itself, like the ions, composition, 
chemical bonding, lattice structure, density and stress* All these 
characteristics affect the substrate's refractive index, which includes 
both the real part and the imaginary part. According to the Lorentz-
Lorenz expression, the relationship between the polarisability ( a ) 
and volume ( V ) can be written as [2]: 
r A n y f ( n 2 - l ) ( n 2 + 2 ) Y A V | Aa | F > | 
U 6^ ){~V V J 
where the term F is introduced to account for structural changes. 
For semiconductor materials, besides the contribution of 
refractive index due to atomic interaction, free carriers in the 
semiconductor material also play an important role. The electrons and 
holes in semiconductors can also absorb and scatter the incident 
wave. The change of the amount of these free carriers contained in 
the semiconductor will contribute to the index change. Such a change 
of the refractive index is as follows [28]: 
( N 2 - N > 2 An = n2-n1= , 2 
zn^o tn tn 
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where N2, N j , are the carrier densities in the substrates, m and e are 
the effective mass and charge of the carriers and tn is the radian 
optical frequency. 
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3. Equipments and Their Experimental 
Setup 
3.1 Light Source - Laser Diode 
The light source we used in this project is OKI OL354A-10 
laser diode. And its performance are as listed below: 
1. High output power ( fiber output) : lOmW 
2. Wavelength 入 = 1 . 3 jam 
3. Single- mode pig tail fiber, 
4. Hermetically-sealed, 14-pin Dual-in-line package ( DIP ) 
5. Includes thermoelectric cooler 
(Temperature control ) 
The reasons why we chose this LD are as follows: Firstly, this 
laser diode operates at 1.3[xm, which is the most commonly used 
wavelength in existing optical communication systems. Secondly, this 
laser diode's output power is as high as lOmW so that it can satisfy a 
wide range of system requirements. Thirdly, this laser diode has a 
pig-tail fiber output. This allows convenient coupling into the 
measurement system. In addition, the pig-tail fiber is a single mode 
fiber that can maximize the coupling efficiency into the 
semiconductor waveguides in this study. 
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As shown in Fig. 3.1 is a photograph of the LD's output fiber 
head which is taken under the microscope with a magnification of 50 
times. In the center of the photograph, we can see a white point. This 
is the core of the fiber. Because this end can be easily damaged, 
• . . . ; . I . • , . • 
during use, extreme care should be taken while using it. 
PI 
I ： 
Fig. 3.1 50x Magnified LD Output Fiber Head Observed 
Under Microscope 
Fig. 3.2 shows the internal and external electrical circuits of 
the LD system. We used a stable voltage source to drive the whole 
system. The driving currents of the LD and cooler and the 
thermistor's temperature reading are all monitored by multimeters. 
The resistors in the circuits are for limiting the current. Fig. 3.3 
shows the whole system. 
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Fig. 3.2 Laser Diode Electrical Circuit 
Fig. 3.3 Laser Diode System 
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3.2. Ellipsometry Measurement System 
3.2.1. El l ipsometry Measurement System and Its 
Existing Problems 
A photograph of the ellipsometer used in our project is shown 
in Fig. 3.4a. Fig. 3,4b is this ellipsometer's experimental arrangement. 
The laser light source operates at 633nm with lmW output. The 
polarizer and analyzer are rotatable，and their angles of rotation can 
be read out from the drums. The extinction meter is for showing the 
I • 
j . 
light beam's power which is incident into the detector. On 
j 
II' ' “ “ , - ' — — — — 7,- ^ ； 
* - ' . . . � 
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Fig. 3.4 (a) Ellipsometer System 
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Fig. 3.4 (b) Ellipsometer Experimental Arrangement 
the meter's control panel, there is a knob. This is used for adjusting 
the detector's sensitivity. The sample is placed on the sample holder 
as shown in Fig 3.4a. This sample holder can be moved in three 
orthogonal directions. The optical beam reflected from the sample 
surface can be directed into the detector by adjusting the sample 
position. 
j Because this holder can only be moved without tilting, it is 
designed only for samples which have uniform thickness. But for 
samples with nonuniform thickness, it is unsuitable. As shown in Fig. 
3.5，if the sample is uniform, i.e. its surface and bottom are parallel, 
then by parallelly moving the table, the reflected light can 
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Fig. 3.5 The Incident and Reflection with different Sample's Position 
enter into the detector, and its incident angle 0 will not be changed 
I, which is equal to the preset value. If the sample's surfaces are not 
I parallel, by parallelly moving the table, we can also direct the 
reflected light into the detector. This time the incident angle 9' has 
been changed, and is no longer equal to the preset value. Because the 
orientation of the sample surface is unknown, the incident angle is 
then unknown too. If use the preset angle for calculation, there are of 
course errors in the results. Our experiments also confirm that large 
unacceptable errors are introduced. 
3.2.2. Improvement of the Original System 
In order to eliminate this error, we replaced the original table 
with a tiltable table. As shown in Fig. 3.6，even if the sample 
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T 
Fig. 3.6 Comparation of the Improved and Original Sample Holder 
j thickness is not uniform, we can always direct the reflected light into 
the detector with the preset incident angle by tilting the table in two 
orthogonal directions and parallelly moving it at the same time. But 
before using this improved system in practical measurements, we 
need to fix the optical path for all sample measurements. Thus, once 
we measure the incident angle of the optical path, then all the 
J 
measurements can use this parameter. This makes the measurements 
easier and also increases the measurement accuracy and 
I reproducibility. To achieve this, we positioned a cylinder with an 
axial hole in front of the optical detector for aligning the light beam, 
as shown in Fig. 3.7. This is the same as placing two aligned irises in 
48 
I Ellipsometry Measurement System 
Detector yv 
Cylinder ^ ^ ^ 
! v f 
Sample � A ' 一-
、 ‘ 一 一 \ 
] . ‘ 
Fig. 3.7 The Situations of the Light Beam Pass Through the 
Cylinder's Hold with Different Path 
丨 
the optical path. In order to be detected, the light beam has to go 
through this hole, thus fixing its path. Then we need to know when 
the fixed optical path has been traversed by the light beam. This is 
ensured by maximizing the detector output signal on the extinction 
meter. Finally, the incident angle of the light beam on the sample has 
to be measured accurately. This is done by measuring a standard 
calibration sample whose refractive index and thickness are 
accurately known. From the measurements, the incident angle is 
back-calculated. The samples we used for the back-calculation are 
two pieces of Si02/Si samples. Their thicknesses are 972A and 
1180A. Through repeated measurements, the incident angle was 
determined to be 70.28°. 
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j 3.2.3. System Calibration 
Before using the system for practical measurements, we should 
calibrate it first. The samples used for our calibration are commercial 
I： . : . ''V' • . • • 
Si and semi-insulating GaAs. From the handbook [29], we find their 
refractive indices at the wavelength of 633nm to be 3.882 and 3.856 
I 
respectively. Repeated measurements result in refractive indices that 
agree with the handbook data to within ±0.01. ( This error is for the 
real part of the refractive index only. The influence of an oxide layer 
on the sample surface and the surface roughness will cause a large 
J 
I • • 
error in the measured imaginary part of the index. So we will not 
j 
discuss the imaginary part in this project.) 
I 
1 . _ 
j 
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3.3 Reflectance Measurement System 
3.3.1. System Design and Setup 
I .、： ’‘ . 
The reflectance measurement system measures the sample's 
reflectivity to calculate its refractive index. From earlier discussions 
I 
I 
in the theory part, as the optical beam hits the sample with its 
incident angle smaller than 5°, its reflectance approaches that of a 
normal incident optical beam. Therefore, its reflectance is 
j 
independent of the polarization direction. This is convenient for our 
I 
measurements. Hence we adopt the near-normal-incidence method. 
I 
j - ‘ 




Fig. 3.8 Reflectance Measurement System 
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figure we can see that the whole system can be separated into three 
parts: the light source ( L ), the sample holder ( S ) and the detector 
( D ) . 
In the system, the light source we used is the laser diode as 
described in 3,1. Because in our measurement we need a parallel 
I 
optical beam, so the LD's output beam should be collimated first. For 
i 
collimation, we used a Newport coupler, an objective lens, and a 
home made fiber head holder for holding the LD's pig tail fiber, as 
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Fig. 3.9 Collimation of the LD Output Beam 
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I 
The coupler we used for coupling between the lens and the 
fiber head is Newport F-915 Single Mode Fiber Coupler. One end of 
this coupler which holds the fiber head can be parallelly moved in X， 
Y and Z directions. The resolution of these movements is lfxm. This 
is good enough to collimate the LD pig-tail fiber's output beam. 
1 . ’ 
I ‘ . 
The lens used for LD output collimation is Newport FB-L10B 
'i ‘ ‘ 
objective lens. This lens is specially designed for the fiber-lens 
I 
coupling in the near-infrared range. Its N. A. is 0.25 and focal length 
is 6mm. In addition, this lens is anti-reflection coated. This makes the 
transmission efficiency of this lens as high as 98%. All these 
I 
parameters show that it is very suitable to be used in fiber - lens 
coupling. 
The sample holder, as shown in Fig. 3,10, is a tiltable table and 
a rotator on which the tilt table has been mounted. The sample placed 
on the tilt table can be tilted in two orthogonal directions to guide it 
to a suitable orientation. Because in our measurements, the incident 
angle should be smaller than 50，the rotator we chose has a resolution 
of 1°. 
Shown in Fig. 3.11 is the last part of our whole measuring 
system - Detecting system. The detector we chose is Newport 818 « 
IR detector. Its detectable wavelength range is from 800nm to 
1800nm. At the wavelength of 1300nm and input power of �mW， i ts 
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Fig. 3.10 Sample Holder 
Fig. 3.11 Detecting System 
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resolution is l j iW and the sensitivity is 0.8A/W, The detectable area 
of the detector head is very small, 0 . 0 7 0 7 c m 2 ， s o in order to allow 
the reflected beam to accurately hit this area, we fixed the detector 
head on a holder which combines a tilt table with an XYZ translator. 
Not only can the detector head be moved along the X，Y and Z 
directions, but also it can be tilted in three orthogonal directions. The 
I 
tilt table we used is Newport 485 Tilt/Rotate Stage, its resolution of 
rotation is 8 arcseconds. The XYZ translator is Klinger's XYZ mount, 
j 
its travel range can be from 16 to 40mm for each axis and resolution 
of these movements is l|j,m. 
3.3.2 System Calibrat ion 
For calibration, we used commercially available Si and semi-
insulating GaAs wafers. From published data [29]，their refractive 
index at the wavelength of 1300nm is 3.50 and 3.40 respectively. By 
repeated measurement, we found that the measured error is in the 
range of 士0.01. Details about the measurement will be discussed in 
the next chapter. 
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3.4 End 一 Coupling Measurement System 
3.4.1 System Setup 
I ， 
Shown in Fig. 3.12 is the whole end-coupling measurement 
I 
system. It can be separated into two parts: the coupling system, and 
the measurement system. As follows, we will introduce them one by 
I . one. 
• • I • 
I — • I I I I • 
Y V H I 
li^BHHii 
Fig 3.12 End-Coupling and Measurement System 
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3.4.1.1 End-Coupling Setup 
The end-coupling system is used to couple the light into the 
waveguide from one end, and then couple it out from the other end of 
！ . . 
the waveguide. This is a very important part in the whole coupling 
I 
measurement system. There are two kinds of coupling: the fiber-
waveguide coupling system and the lens-waveguide coupling system. ‘ 
！ 
• I 
Fig. 3.13 Fiber-Waveguide Coupling System 
The fiber-waveguide coupling system is shown in Fig. 3.13. It 
is composed of the light source, the end-coupling and the 
observation. The light source is the laser diode. The LD's fiber head 
is very easy to damage. So in order to protect this head, it cannot be 
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I 
directly used in fiber-waveguide coupling. It should be first coupled 
to a fiber, and then this second fiber is used for the fiber-waveguide 
coupling. The second fiber we used is a single mode fiber with its 
operation wavelength at 1300nm. Its core's diameter is 8jam and its 
N.A. is 0 1. 
I 二 ••、.' H S H a 
Im^m 
Fig. 3.14 Laser Diode Output - Fiber Coupling 
The coupling between the LD's pig tail fiber and the single 
mode fiber is Newport F-925 GRIN Rod Lens Fiber Coupler, as 
shown in Fig. 3.14. Originally, this coupler is designed for fiber -
GRIN Rod lens coupling. The holder which holds the fiber can be 
moved parallelly in X，Y and Z directions. Its movement resolution is 
l^m. By testing, we found that it is also suitable for our LD's output 
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I 
fiber to single mode fiber coupling. The coupling efficiency can be 
40% or more. 
：^：-；；；;  ；7； '：： ： V •"•；.,- ：-.,„•.,>：•> y.：.；,... - r . , - , , , : , , : - -.- -,,:- -,....,..'：,-
I ‘‘• , . ''j. • > • / ' ' • ‘ - ：‘ ‘ 
K -
Fig. 3.15 Fiber - Waveguide Coupling 
The fiber - waveguide coupling part is the main part of the 
whole coupling system. As shown in Fig. 3.15, it consists of two 
parts that couple in and couple out. The part that couples the fiber 
output light into the waveguide is shown in the left hand side of Fig. 
3.15. We use Photon Control micropositioner for the coupling. The 
stage which holds the fiber is a three-axes translator (MicroBlock D). 
Its movement resolution is 0.1jj,m. And its travel range in all three 
axes is 4mm. This resolution and the travel range is very necessary 








propagation direction, the stage that holds the waveguide can be 
I 
rotated around the Y and Z axes, and moved along the Y and Z axes 
1 
(DM1T ). Its rotating resolution is 10 arcseconds and the range is 1 •J 土5�. For movement along the Y and Z axes, the resolution is ljim and 
i 
the range is 士6.5 and 土3.0mm respectively. 
i • 1 • . • 
For the output coupling system, we used an objective lens to 
couple the light out from the end of the waveguide to form an image 
on the observation system for observation. There are 20x, 40x, 60x 
and lOOx lenses that can be used. Their parameters are listed in Table 
3.1. For holding and adjusting the lens, we also used a Photon 
Control XYZ translator ( MicroBlock M )• Its travel resolution is ljum 
I and the range is 4mm. j _ 
1 
1 Table 3.1 The parameters of the Objective Lenses 
Magnification N. A. W. D. (mm) I f (mm) 
20x 0.40 2.5 10.0 
40x 0.65 1,0 “ 5.3 
60x 0.80 0.35 3.7 
lOOx 0.90 0.39 “ 2.13 
The wavelength used in the measurements is 1300nm, which is 
invisible to the eye. So for direct observation during coupling, we 
need an infrared observation system. The observation system we used 
is Hamamatsu C2400-03 Infrared Microscope Video Camera and 
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I about 0.1 p,A/|xW and resolution ( Horizontal Center Resolution, TV 
M .4 翻 line type ) is 600. There are two alternatives to observe the image. 
9 
I 
The first is to form the image directly on the camera's vidicon 
1 
surface. But because this vidicon is very sensitive, and the intensity 
of the light output from the coupling system might also be very 
I 
strong, the vidicon can be damaged if one is not careful. In order to 
j protect the camera, we always use the second arrangement in our 
experiment, as shown in Fig. 3.16. We first form the image on a 
semi-transparent screen, and then we use a Nikon camera lens to 
focus on this semi-transparent screen for observation of the image, 
f � 
• ~ ~ ~~ — —_ 
Fig. 3.16 Observation Part 
• • 
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Fig. 3.17 Lens-Waveguide Coupling System 
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1 
I . . . . I 
The lens-waveguide coupling system is shown in Fig 3.17. It is 
I 
very similar to the fiber-waveguide coupling system. The difference 
'3 
I 
is just the substitution of a lens-waveguide coupling for fiber-
1 
waveguide coupling. The lens coupling part is shown in Fig. 3.18. To 
I 
use a lens for waveguide coupling, we should first collimate the LD's 
I 
output light. The equipments we used in this part are the same as 
those we used in the reflectance system. After the light beam had 
been collimated, we then used an objective lens to couple this light 
into the waveguide. The choice of this lens depends on the 
waveguide's thickness and N.A.. The focused light spot should match 
these two parameters. The output coupling system and the 
observation system are the same as those in the fiber-waveguide 
I 
I coupling system. 
I 
Because the fiber-waveguide coupling system is used for fiber 
1. I 
to waveguide coupling, the coupling operation is straight forward, 
I - -
especially for coupling to a channel waveguide. If the parameters of 
the waveguide, such as the thickness, N.A.，are matched with those of 
I 
the fiber, the coupling efficiency can be very high. In the lens-
waveguide coupling system, moving the objective lens has to take 
into consideration of the direction and position of the input optical 
beam. Although the operation of the lens-waveguide coupling system 
is not as easy as the fiber-waveguide coupling system, it has a very 
special feature. This is the choice of many different lenses to suit 
different waveguides, especially when the waveguide thickness is 
• 
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I very thin. In our case，we can choose a lens with large N.A. to focus 
the optical beam into a very small spot for high coupling efficiency. 
邏 
I f .邏 
I 
3.4.1.2 Measurement System Setup 
I I 
Once the light is coupled into the waveguide from one end it 
will form an intensity distribution at the other end. By forming a 
magnified image, we can then measure the optical intensity 
I distribution on this image, which is also known as the near field 
pattern. 




1 The first requirement is a clear and magnified image of the 
j waveguide end. In addition, this image should also be bright enough 
for measurement. To achieve this, choosing the right lens is very 
1 
important. And also, in order to lower the whole system's loss, the 
number of lenses used in this system should be as few as possible. 
We used a lOOx objective lens to achieve the goals of both 
magnification and imaging. The parameters of this lens are as shown 
in Table 3.1. Its transmittance for the 1300nm light beam is 60%. The 
relationship between lens resolution and its N. A. is given by 
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Also, according to Newton's law, the magnification of an imaging 
1 
system can be written as: 
f 
M = a 3 ? 
• where d is the objective distance, f is the focal length. So if we want 
Ito get a lOOOx image of the waveguide end, the objective distance d should be about equal to the focal length and the image distance 
• should be equal to about 2 meters. To form the whole imaging 
system, we put this lens on the XYZ stage, and then moved it so as to 
form an image directly on the vidicon surface for measurement. 
(2) Recording System 
I« 
I 
After we magnified the waveguide end and got a clear image, 
I 
1 the light intensity distribution was measured by connecting the 
I 
camera to an image processing card in the PC. The whole 
arrangement is as shown in Fig. 3.19. The image processing card is 
！ 
the Imaging Technology PC Vision Plus Frame Grabber image 
processing card. It has an 8-bit-input/output format. It can digitize the 
image into 255 levels according to the gray level of every pixel on the 
image and then store the image into its frame memory. The stored 
image can be captured and saved in a disk file. 
j 
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I Fig, 3,19 Experimental Arrangement of the End-Coupling 









There are two parts in the software. The first part is the image 
processing card's driver programs which come with the card. These 
programs allow us to record the image and save it as disk file in our 
computer. The second part is for the refractive index calculation. This 
part can be further separated into two sections. One section contains 
the conversion programs. They convert the image file into a light 
intensity distribution matrix. The other section contains the 
i 
calculation programs for calculating the refractive index from the 
intensity distribution matrix. Both sections were written by Leung 
Chi-tim in his final year project. The details of these programs can be 
found in his final year project report [16]. 
I ‘ 
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3.4.2 System Cal ibrat ion 麗 • 
We first calibrated the measurement system. And then we 
combined it with the end coupling system and calibrated it again. 
3.4.2.1 Measurement System Calibration 
I I I • 
(1) Nonlinearity of the vidicon response 
The vidicon has a very good linearity in the visible range. But 
in the infrared range, its linearity is poor. So we should firstly 
i 
measure the vidicon's nonlinearity and use the result to compensate 
the measured image data before using them for index calculation. We 
I I first measured different incident light intensities by a detector and by 
1 
I the vidicon under different sensitivities separately, The two sets of 
data were put into a functional relationship. Fig. 3.20 is the 
experimental arrangement for measuring the nonlinearity. The 
nonlinear relationship measured by this arrangement is shown in 
Fig. 3.21, which can be written as: 
P = AVa/T) 
where P and V are the detected light intensity by the detector and by 
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Fig. 3.21 Vidicon Detected Light Intensity as a Function of Input 
Light Intensity 
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I (2) Resolution of the Image Processing Card 
騰… / 
The image card processes the image by first separating the 
image into many .pixel elements. So in our calculation, knowing the 
distance between adjacent pixels is very important. The measurement 
of this distance is as shown in Fig. 3.22. We first used a lens to form 
1 • 
an image of a double-line marking on the vidicon surface. Because 
I 
the lens parameters and the distance between these two lines are 
known, the double-line spacing on the image can be calculated. By 
recording this image and counting the number of pixels between these 
；：； . 
two lines, we can get the distance between adjacent pixels on the 
t 
vidicon surface. The distance we measured is 22.58jim. 
•！ 
I 
Marking Lens Camera Controller 
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Monitor Computer 
Fig. 3.22 Experimental Arrangement of Image Processing Card's 
Resolution Measurement 
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(3) Calibration of the Measuring System 
I 
I • 
Before any practical measurement, we should first test this 
system's working condition and measurement accuracy. Here, we used 
•  , . • . •. . . ： • 
a fiber for system testing. This fiber is a step index single mode fiber， 
:1 . . 
and its core diameter is 8juim. Experimental arrangement is as shown 
in Fig 3.23. Fig. 3.24(a) and (b) are the 760x fiber output near-field-
pattern and its 3-D intensity distribution respectively. Fig. 3.25(a) 
and (b) are the calculated 3-D and 2-D refractive index profiles 
respectively. From the figure we can see that the calculated index 
profile is step like and its diameter is about 8(am. It is matched with 
the actual fiber core diameter. This shows that the system can be used 
I for accurate waveguide refractive index measurements. 
H^ ^ ^^H 1 I I I I 
j 3.4.2.2 General System Calibration 
• I 
j For the general system calibration, we used a piece of Ag+ 
diffused LiNbC>3 optical waveguide. This waveguide supports one 
mode at the wavelength of 1300nm. Fig. 3.26 shows the observed 
near field pattern of the light output from this waveguide. 
Fig. 3.27 (a) and (b) are the 760x near field pattern and the 
converted 3-D optical intensity distribution of this pattern 
respectively. Fig. 3.28 (a) and (b) are the calculated 3-D and 2-D 
I refractive index profile of this waveguide respectively. From the 
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figure we can see that, this waveguide is a graded index waveguide. 
Its An is about 0.03 and it matches with the value obtained by prism 
a 
I coupling method. This result indicates clearly that the entire system 
1 
I is now well calibrated for experimental waveguide measurements. 
•丨’ . 一一 , 
j 
h t m 一 一 一 
Fig. 3.23 Experimental Arrangement for Calibrating 
the Measurement System 
I 
7 1 





] Fig. 3.24 (a) Fiber Output Near Field Pattern ( x760 ) 
I I I • I 
J 丨 丨 • 
Fig 3.24 (b) Intensity Distribution (3-D) of the Fiber Output 
Near Field Pattern 
I • 
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Fig. 3.25 (a) 3-D Refractive Index Distribution of Single Mode Fiber 
Calculated from its Near Field Pattern 
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Fig. 3.25 (b) 2-D Refractive Index Profile of the Single Mode Fiber 
Calculated from its Near Field Pattern 
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j Fig. 3.26 Near field Pattern of Guided light in Slab 
LiNbC>3 Waveguide 
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Fig 3.27 (a) Near Field Pattern of the Fundamental Mode 
of Slab LiNb〇3 Waveguide 
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Fig. 3.27 (b) Calculated 3-D Optical Intensity Distribution of Slab 
LiNb〇3 Waveguide 
: 會 
Fig. 3.28 (a) 3-D Refractive Index Distribution of Slab LiNb〇3 
Waveguide Calculated from the Near Field Pattern of 
the Fundamental Mode 
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I 4. Experiment 
1 I 1 靂 
In the last section, we described the measurement system 
誦 . 
design, setup, and calibration. Now we will describe our pioneer 
I'；--" • ^^H 
research of optical waveguide fabrication by ion implantation. 
I • 
4.1 Samples Preparation 
In this project, we prepared two sets of samples successively. 
.1 
The first set is for finding out the effects of oxygen ion implantation 
on the refractive index. The samples were prepared by ion 
4 
implantation at 190keV, and the dose was 3x l0 l 5 / cm 2 . These 
samples are listed in Table 4.1. Implantation was performed on two 
J types of GaAs substrates. Both the n + - GaAs and semi-insulating (SI) 
GaAs are commercial wafers. The p+- GaAs was prepared by a 
'3 
double Be"1" implantation into SI-GaAs at 50keV and lOOkeV. The 
dose was 1x1013 /cm^ for either implant. The Be+ implanted wafer 
I 
was then annealed at 800oC for 9 seconds by rapid thermal annealing 
I 
( R T A ) to remove the implant induced damage and to activate the . . 
dopants. The standard proximity method of placing another piece of 
I 
wafer face-to-face in contact with the implanted wafer was employed 
to protect the GaAs surface during RTA. After the oxygen ion 
implantation at such a high dose, an amorphous layer would be 
expected to form on the sample surface [1]. By RTA at 600°C for 9 
I 
seconds with the proximity protection, defects like twins, stacking 
j 
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I Table 4.1 The First Set of Samples Prepared by 0 + 
Implantation at Medium Energy. 
邏 
T" JcH 1 TTJTTc 
Sample Code Substrate Implantation Annealing 
10# Unimplanted Unannealed 
I P + - GaAs* 0 + implanted Unannealed 
I 12# — 0 + implanted RTA 
雪 
20# Unimplanted Unannealed 
21并 SI - GaAs 0 + implanted Unannealed 
22# 0 + implanted 一 RTA — 
30# Unimplanted Unannealed 
31# n+ - GaAs 0 + implanted Unannealed 
32 幷 0 + implanted RTA 
I 
note: * P+-GaAs is prepared by a double implantation of Be + into GaAs 
at lOOkev / l x l O 1 3 cm"2 and 50kev / l x l O 1 3 cm - 2 and then 
annealed at 800°C, for 9 seconds by RTA. 
** 0 + is implanted at 190kev with 3 x l 0 1 5 cm"2. 




faults and some other types will be eliminated, leaving behind only a 
J 
high density of dislocation loops [1]. 
I 
After the refractive index change due to oxygen implantation 
I 
had been studied, a second set of samples with multiple energy 
implantation was prepared to see if they could form slab waveguides. 
Details regarding these samples will be published later and will not 
I be included in this thesis. 







I Fig. 4.1 shows the surface of a sample from the second set 
1 
m 
when observed under a lOOOx microscope. From this figure, we can 
邏 
see that the surface of the implanted sample is very smooth and free 
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Fig. 4. 1 Surface of a Sample from the Second Set 






‘ ‘ •• 
Refractive Index Measurement by Ellipsometer 
4.2 Refractive Index Measurement by Ellipsometer 
For the measurement of the sample refractive index at 633nm， 
we will describe the measurement procedures and precautions. 
4.2.1 Measurement Procedures 
1. The improved system is as shown in Fig. 4.2 Turn the 
detector's sensitivity to the minimum and then put the sample 
on the sample platform. 
2. Repeatedly move and rotate the platform to direct the incident 
optical beam onto the sample surface and the reflected beam 
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Fig. 4.2 Experimental Arrangement of the Improved 
Ellipsometry Measurement System 
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3. Adjust the polarizer and the analyzer so that their readings are 
all in the red ( or black ) range. Adjust them further so as to 
nullify detector meter reading. 
4. Increase the sensitivity of the detector and fine tune the 
.V：-' ._, . • . . • , 
polarizer and analyzer to make the reading of the detector 
meter approach zero again. 
5. Repeat step four until the sensitivity of the detector is at 
maximum and the reading of the detector meter is very close to 
zero. 
6. Record the readings of the polarizer and analyzer at this time, 
and A\. 
7. Rotate the polarizer and analyzer to force their readings to fall 
in the black ( or red ) range. And then repeat steps 4-6，record 
another set of readings, P2 and A j . 
8. Calculation. 
4.2.2 Precautions 
During measurement and calculation, there are several points 
we should be careful about: 
1, In the whole measuring procedure, step 2 is very important and 
difficult to achieve. A very small shift of the platform from its 
preset position will affect the accuracy of the incident angle. 
8 1 
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And this will cause a very large error in the measured 
refractive index. One should be very careful in doing this step. 
2. Sometimes during steps 3 to 5, we cannot nullify the meter 
reading no matter how hard we rotate the polarizer and 
analyzer. This is because the sample is not correctly positioned 
so that the optical path does not follow the fixed path as shown 
in Fig. 3.7. When the reflected light passes through the hole in 
the cylinder, it is bounced back and forth from the wall of the 
cylinder. As the light beam finally leaves the cylinder, it is no 
long elliptically polarized. 
3. To calculate the refractive indices of the samples, the 
implanted layers are treated as uniform layers. In addition, 
because light at 633nm is strongly absorbed by GaAs with an 
absorption length of � 5 0 0 n m [29], the thin 0 + implanted layer 
in our samples can be considered as " bulk " materials. This 
approximation simplifies both measurement and calculation 
without loss of accuracy. 
4. Usually, the sample surface is not very smooth, and in 
addition, there is an oxide layer on the surface. In order to find 
out the effects of this oxide layer on the measured result, we 
used ammonia to remove the oxide layer, and then measured 
the sample immediately afterwards. From the results we find 
8 2 
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that the oxide layer has little influence on the real part of the 
index, but has a large influence on the imaginary part. Because 
the effects of the oxide layer and surface roughness on the 
imaginary part of the refractive index are difficult to 
， — characterize, we will not consider the imaginary part in this 
thesis. 
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4.3 Refractive Index Measured by Reflectance 
The experimental procedures for measuring the sample 
refractive index at 1300nm are described as follows: 
4.3.1 Measurement Procedures 
1. Switch on the LD, and adjust the LD driving current and cooler 
current to 100mA and 80mA respectively. And then let them 
stabilize. 
2. Adjust the fiber head and the lens position to collimate the 
output beam. 
3. Put the sample on the sample holder, and then with the 
assistance of infrared viewer and infrared card, direct the laser 
beam onto the sample surface. 
4. Turn the rotator and tilt the holder to force the reflected beam 
to coincide with the incident beam. Then the incident light 
beam is normal incident on the sample surface. 
5. Turn the rotator to make an incident angle of about 5°. 
6. As shown in Fig 4.3，move the detector to position i and 2 
separately to detect the incident and reflected light intensity. 
During detection, adjust the micropositioner and the tilt table 
to get the maximum signal. 
7. Record the intensities for calculation. 
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Fig. 4.3 Reflectance Measurement System 
4.3.2 Precaution 
1. Interference from Backside of Sample 
We know that GaAs is transparent at 1310nm. So in the 
measurement, there is certainly a part of the incident beam that will 
hit the backside surface of the sample and be reflected. If this 
backside surface is very smooth, the reflected light will be very 
strong and affect the measurement result. So in order to avoid this 
influence, the sample backside should first be roughened before 
measurement. 
2. Effects of Sample Surface Quality 
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Because it is impossible for the sample surface to be very flat 
and smooth, a part of the incident light will be scattered. In order to 
detect the maximum reflected light, the detector should be placed as 
close as possible to the sample surface as shown in Fig. 4.3. 
3. Effects of Incident Angle into Detector 
The detector is as shown in Fig. 4.4. In front of the detection 
area, there is an antireflection-coated attenuator. As the light passes 
through this attenuator, the exiting intensity will vary with the 
incident angle. So in our measurement, as we tilt the detector head, 
the detected light power changes with the tilt angle as shown in 
Fig. 4.5. To find the maximum power P, the detector should be 
continuously adjusted very carefully. 
Attenuator Detection Area 
Fig. 4.4 Structure of Detector Head 
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/K ^ • 
0 Incident Angle 
Fig. 4.5 Detected Power Versus the Incident Angle into Detector 
4. Output Beam Collimation 
The active area in the detector is a very small spot. If the light 
beam is not well collimated, the measured result can deviate from the 
actual value greatly, 
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4.4 Waveguide Measurement 
4.4.1 Fiber-Waveguide Coupling Measurement System 
(1) Laser-Fiber Coupling 
Before using this system for waveguide measurement, we 
should first couple the LD output into the single mode fiber, as 
shown in Fig 3.14. The coupling procedures are as follows: 
1. Secure the laser diode pig-tail fiber head and the single mode 
fiber on the GRIN Rod Lens Fiber Coupler. 
2. Align the other fiber end with the detector for monitoring its 
output light intensity. 
3. With the help of a magnifying glass, position the fiber end as 
close as possible to the laser diode fiber head without allowing 
them to touch each other. 
4. Turn on the laser diode and adjust its driving current and 
temperature to suitable values. 
5. Transversely move the fiber end until the maximum light 
output is detected by the detector. Then the laser-fiber 
coupling is finished. 
(2) Fiber-Waveguide Coupling 
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As the LD light output has been coupled into the fiber from 
one end, the other end of this fiber can be used for fiber-waveguide 
coupling. The procedures are as follows. 
1. Set up the fiber-waveguide coupling system and the 
observation system as shown in Fig. 3.15 and Fig.3.16. 
2. Adjust the distance between the camera and the semi-
transparent screen, and focus the camera until this screen can 
be clearly observed on the TV monitor and its size is also large 
enough. 
3. Place the sample on the sample holder. 
4. Adjust the camera sensitivity to minimum, and then turn on the 
laser diode, adjust its output to around 3mW. 
5. Lower the sample to get it out of the way, align the fiber and 
the output coupling lens until a clear light spot can be observed 
on the screen. 
6. Raise and tilt the sample, longitudinally move the output 
coupling lens to form a clear image of the waveguide end on 
the semi-transparent screen, 
7. Move the fiber and tilt the sample in very small steps. 
The number of interference fringes will decrease. The fewer 
the number of fringes, the closer is the correct coupling 
condition. 
(3) Magnification and Measurement 
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The procedures for measuring the waveguide near field pattern 
are as follows. 
1. Follow the procedures as in fiber-waveguide coupling, but 
replace the output coupling lens with an lOOx objective lens 
without touching the fiber and waveguide, and set up the 
magnification system as shown in Fig. 3.12. 
2. Adjust the objective lens to form a clear image of the 
waveguide end ( output mode near field pattern ) on the 
camera. 
3. Record this image and save it in the disk. Then the image file 
can be used for index calculation. 
(4) Precautions 
During measurement, in order to increase the coupling 
efficiency and the calculation accuracy, high quality ends are very 
important. These include the fiber end and the waveguide end. So, 
before measurement, we should first cleave the fiber and waveguide 
to make high quality ends. Fig. 4.6 is the cleaved fiber end observed 
under a lOOx microscope, 
4.4.2 Lens-Waveguide Coupling Measurement System 
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Fig. 4.6 Cleaved Fiber End Observed Under a lOOx Microscope 
(1) Coupling 
Instead of coupling a fiber to the waveguide, this arrangement 
couples a lens to the waveguide. The output coupling is identical to 
what is described above. The procedures for coupling are as follows: 
For the lens-waveguide coupling, the entire coupling 
procedures can be separated into two parts. The first part is aligning 
the whole optical system, including the observation system. The 
second part is placing the sample and coupling. The first part consists 
of: 
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1. As shown in Fig. 3.17，install the whole system, including the 
light source, the coupling portion and the observation system. 
Focus the observation system on the semi-transparent screen. 
2. Turn on the laser diode, and collimate the output beam. 
3. Adjust the relative positions and angles between the light 
source and the input coupling lens to direct the light beam to 
travel on the optical axis of the lens. 
4. Align the two coupling lenses. 
Lens Lens' 
Input Light a a Waveguide 
Fig. 4.7 The different focal point image positions in the waveguide. 
By now, the whole optical system has been aligned. The 
placing of sample and coupling into the sample are identical to the 
procedures described in the previous section. When the relative 
positions between the output coupling lens and the waveguide have 
been adjusted, this lens will not be moved for the rest of the 
measurement steps. The correct coupling is then achieved by moving 
the input coupling lens and tilting the sample. The number of modes 
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and which of them can be excited depend on the relative positions 
between the input coupling lens and the waveguide. As shown in 
Fig. 4.7，different focal point image positions in the waveguide will 
excite different modes. In addition, the larger the N.A. of the lens, 
the more modes will be excited. By checking the output mode near 
field pattern, the order of the mode can be found out. 
(2) Magnification and Measurement 
After coupling the fundamental mode to the waveguide, the 
next step is then to magnify and measure this mode's near field 
pattern. The procedures have been described in the section for fiber-
waveguide coupling. By adjusting the output coupling lens, the 
magnified image will be formed on the camera for recording. The 
magnification is defined by the object distance and the image 
distance. In this experiment, it is 760x. 
4.4.3 Calculation 
The first step of calculation is conversion. In this step, we used 
a conversion program to change the recorded image file to an 
intensity distribution matrix. The second step is the index calculation. 
From the intensity distribution, we can get the waveguide's refractive 
index distribution. 
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5. Results and Discussion 
5.1 Refractive Index Change and Waveguide Formation 
.'•"" ； . ； v.,人 . . ；. 
The measured refractive indices of the first and second sets of 
samples are listed in Table 5.1 and 5.2. The first set of samples are 
prepared by a medium-energy 0 + implantation, and the second set of 
samples are prepared by a multiple-energy 0 + implantation. It can be 
observed that，right after 0 + implantation but before RTA, the 
samples show a general increase of refractive index by about 0.1 to 
0.2, The increase is, however, substantially reduced after RTA, 
leaving it only slightly larger than that of the unimplanted GaAs. 
Despite this reduction, the resulting higher refractive index should 
still enable waveguides to be fabricated if the implanted layer can 
exceed �mic rome te r in thickness. 
The second set of samples are prepared by ion implantation at 
different energies. The aim is to form uniformly implanted layers 
around 3|im thick. Because of the refractive index change and the 
thickness, this implanted layer might be a waveguide layer. This is 
confirmed by the end-coupling measurement. 
By using the end-coupling measurement system, we observed 
optical waveguiding in the 0 + implanted and annealed sample. This 








































































































































































































































































































































































































Results and Discussion 
Table 5.2 Refractive Index of GaAs Wafers Prepared by a 
Multiple-energy 0 + Ion Implantation 
Sample Without RTA With RTA — 
SI-GaAs 一 3.548 — 3.449 
n + - G a A s 3.550 3.485 
Fig. 5.3(a) shows its 3-D intensity distribution, In the previous 
theory, we mentioned that if the waveguide parameters like n s , nf, n c 
and T are known, then the intensity distribution of the waveguide 
modes can be calculated. In Fig. 5.3(b), assume n s , nf, n c and T of 
the waveguide are 3.4, 3.45，1 and 3\im respectively, the dash-line is 
the calculated fundamental mode intensity profile, and the solid-line 
is the measured intensity profile. From this figure we can see that the 
measured and calculated profiles match with each other very well. 
This means that the mode we excited in our sample should be the 
fundamental mode. In addition, the parameters we assumed for our 
calculation should be very close to those of our fabricated waveguide. 
Fig. 5.4(a) is the calculated 3-D refractive index profile from the 
measured intensity profile. Fig. 5.4(b) shows its 2-D refractive index 
distribution profile. From this figure we can see that the profile is 
step-like and its width is about These are what we expect from 
the implantation data. 
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Fig. 5.1 Optical waveguiding phenomenon observed in the 0 + 
implanted and annealed SI-GaAs. 
Fig. 5.2 760x fundamental mode's near field pattern of 0 + implanted 
and annealed SI-GaAs wafer 
97 
Results and Discussion 
秦 
Fig. 5.3 (a) 3-D Intensity Distribution of the Fundamental Mode's 
Near Field Pattern of Optical Waveguide on GaAs 
Fabricated by 0 + Implantation 
ir~A I 
> 一 J ft — — Theoretical Profile 
^ 0 . 8 / V nc=l, nf=3.45, ns=3.4 
运 I V Thlckness=3mn 
C 0 6 — I \ Measured Profile 
l / \ 1 °-2-J v_ 
0 I — - � _ 
0 2 4 6 
Thickness (jim) 
Fig. 5.3 (b) Comparation of the Measured and Calculated 
Intensity Distribution 
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Fig. 5.4 (a) Calculated 3-D Refractive Index Profile of 0 + Implanted 
Optical Waveguide on GaAs from its Near Field Pattern 
sr/vi sK/VI 
-1 0 1 2 3 4 5 
Depth ( jim ) 
Fig. 5.4 (b) 2-D Refractive Index Profile of 0 + implanted Optical 
Waveguide on GaAs Calculated from the Fundamental 
Mode Near Field Pattern. 
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5.2. Mechanism of the Implanted Layer ' s Refractive 
Index Change 
As shown in Table 5.1 and 5.2, we can see that all three types 
of GaAs wafers, i.e. SI-GaAs, n+-GaAs and p+-GaAs，have 
essentially the same refractive indices at both wavelengths of 633nm 
and 1310nm. Right after 0+ implantation but before RTA, the 
samples show a general increase of refractive index by about 0.1 to 
0.2. This increase is, however, substantially reduced after RTA, 
leaving it only slightly larger than that of the unimplanted GaAs. 
The fact that the three types of substrates have almost the same 
refractive index and roughly the same increase of refractive index 
after implantation suggests that free carrier concentration does not 
play any role in influencing our measured data. As we have discussed 
in the section on ion implantation theory, we know that a carrier 
concentration difference of � 1 0 1 8 /cm3 changes the refractive index 
by about 3xl0-3，which is smaller than our measurement error by 
about 3 times. The important point to note is that all refractive 
indices increase after implantation, irrespective of the type of 
semiconductor substrates being implanted. The cause of increase in 
refractive index due to ion implantation still remains unclear. A 
similar situation in which Be ions are implanted into GaAs also 
exhibits an increase in refractive index of about the same magnitude 
at a wave number of 7000cm"1 ( � 1 . 4 3 j a m )[13]. Data at various 
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levels of ion fluence are shown in Table 5.3 for as-implanted GaAs 
and GaAs annealed at 600�C. It will be noticed that their results are 
almost identical with ours. 
Table 5.3 Refractive index of Be+ implanted GaAs 
adapted from Reference [13】 
Refractive Index of Be+ implanted GaAs 
Fluence ( cm"^) No annealing Annealed at 600°C 
lx lO 1 5 3.56 — 3.41 
3 x 1 0 b 3.59 3.41 ~ 
6x1015 3.60 — 3.40 
10x1015 3.63 3.41 
Results from ion implantation into Si can be used for 
additional comparison [30]. There it is shown that the refractive 
index of Si also increases after ion implantation. Moreover, the 
increase is independent of ion mass, implantation dose and energy. It 
only depends on which amorphous state the as-implanted Si material 
becomes. By analogy, if we also have an amorphous state in the as-
implanted GaAs as suggested in Ref.[l], our observed results should 
be similar to those of Si. Indeed the observed increase of refractive 
index of GaAs after ion implantation tends to confirm the existence 
of an amorphous layer. What happens after RTA then becomes fairly 
easy to understand. It is well known that annealing around 500°C 
helps recrystallization of the amorphous GaAs, and removes defects 
such as twins and stacking faults [1]. Yet dislocation loops are not 
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annihilated until the annealing takes place above approximately 700° 
C. Hence our samples, which have been annealed at 600°C only, are 
expected to retain their implant-induced dislocation loops. These 
residual dislocation loops might be the cause of the slight excess of 
refractive index in annealed samples. Besides dislocation loops, the 
samples also have huge quantities of point defects after annealing, as 
it is even much more difficult to anneal away point defects. But we 
do not expect those point defects to contribute any change to the 
refractive index. Indirect evidence of the potential role played by 
point defects can be drawn from the refractive index data of GaAs 
grown by molecular beam epitaxy ( MBE ), Table 5.1 also lists the 
refractive index of MBE GaAs grown at a substrate temperature of 
585°C ( normal ) and 200�C ( LT )• The two MBE GaAs wafers are 
definitely crystalline, with the LT-MBE GaAs exhibiting an 
enormous amount of point defects and the normal MBE GaAs 
possessing very few [30]. Yet both wafers have nearly identical 
refractive index, despite the huge disparity in point defect 
concentration. Consequently, we can conclude that point defects are 
not the cause of refractive index change in GaAs. The change we 
observe in as-implanted GaAs is entirely due to extended defects in 
the amorphous layer created by ion implantation. 
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6. Conclusion 
In this project, we successfully fabricated a slab waveguide on 
GaAs by oxygen ion implantation and set up three sets of measuring 
systems for refractive index measurement and waveguide 
characterization. 
We made improvements on the accuracy of the ellipsometer. 
We also set up a reflectance measurement system to measure the 
refractive index at 1300nm. Both can achieve an accuracy of 0.01 in 
the measured refractive index. We also setup a waveguide coupling 
and measurement system and developed the software needed for 
calculating the refractive index profile of the waveguide from its 
fundamental mode intensity distribution. 
In our measurement, we found that, all of our 0 + implanted but 
unannealed samples showed an increase in refractive index of about 
0.1 to 0.2. This is attributed to the formation of an amorphous layer 
by ion implantation and is independent of the type of GaAs substrates 
being implanted. After annealing, these refractive indices are reduced 
to a value about 0.03 higher than the substrate refractive index. 
By using the end-coupling measurement system，we observed 
optical waveguiding in a piece of 0 + implanted SI-GaAs wafer. Its 
calculated refractive index profile is step-like and very similar to 
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what we expect. To the best of our knowledge, this is the first time an 
optical waveguide on GaAs has been successfully prepared by 0 + 
implantation. Our results suggest that the application of ion 
implantation in the fabrication of integrated waveguides in III-V 
semiconductor is possible and can have important applications in the 
development of integrated photonics. 
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1. Improvement and Extension 
In this project, we successfully fabricated an optical waveguide 
by ion implantation. But if we want to use this waveguide in practical 
applications, low loss is necessary. An extension of this project 
should aim at measuring the loss of this waveguide and how to 
minimize it. The method of measuring the loss has been described 
and the measurements should not encounter major problems. More 
implantation and annealing experiments need to be done to minimize 
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%%% Program " Thick.m" 
%%% 
%%% This program is support by "matlab", and is for 
%%% calculating the required thinkness of the single 
%%% mode or multi-mode slab waveguide verse various 
%%% substrate and guide layer refractive indices. %%% 
%%% 
clear; %% clear all variables 
clc; %% clear the commond window 
clg; %% clear graphic window 
% % 氺 木 * 氺 承 本 本 木 氺 本 本 氺 氺 本 水 氺 氺 氺 _ 氺 * 水 水 氺 氺 氺 氺 * * 本 ： 承 * 本 水 氺 本 氽 伞 氺 氺 本 本 氺 本 * 本 氺 * 氺 
%% Definition of the Varibles 
% % 承 本 氺 氺 氺 } ! ( 氺 承 ； ！ ： 氺 氺 氺 ： ! ( 氺 氺 ^ ( 本 氺 氺 氺 氺 本 氺 本 . 本 氺 氺 氺 本 * 氺 本 氺 氺 氺 本 氺 本 本 氺 本 氺 氺 9 | ： 氺 水 ： ！ ： 本 * 
% nf, nfl, nf2 = refractive index of the film 
% ns, nsl, ns2 = refractive index of the substrate 
% nc, ncl, nc2 = refractive index of the cladding layer 
% kind = the type of curve I want to plot (ns-T or nf-T) 
% V = normalized frequency 
% Vo = normalized frequency of fundamental mode 
% a = measure for the asymmetry of the waveguide structure 
% b = normalized guide index 
% stepnf = step increase of nf 
% stepns = step increase of ns 
nc=l; 
wavelength=input('Please input the wavelength(um): '); %% the unit is 'um' 
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u o i ; B | t i o p 3 % % 
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xlabel('Refractive Index of the Substrate') 
ylabel('The Thickness of Waveguide (um)') 
grid 
title(Title) 







for nf=nfl :stepnf:nf2 
if Modes==l %%%(TE mode) 
Title=Tilm - Thickness (TE mode)'; 
a=(nsA2-ncA2)/(nfA2-nsA2); 
else %%% TM mode 
Title='Film - Thickness (TM mode)'; 










xlabel('Refractive Index of the Film') 








%% Distribution, m 
%% 
%% This program is for calculation the propagation 
%% TE mode ( Ey) distribution in the step index 
%% waveguide ( 2-D ) %% 
%% 
clear; %% Clear All Varibles 
clc; %% Clear the Command Screen 
clg; %% Clear the Graphic Screen 
delete equation.m; %% Delete the function file for later usage 
%% Definition of the Parameters 
% % * * • * * * * * * * * * * * * * * * * * * • * 氺 * * * * * * * * * * * * * * * * 氺 * • * * • * * * • • * * * • * 
wavelength = input('please input the wavelength:(um)'); 
ns = input('please input the refractive index of substrate:'); 
nf = input('please input the refractive index of film: •); 
Thickness= input('please input the film thickness:(um)'); 
orderofmode = input('please input the order of mode: f); 
ko = 2*pi / wavelength; 
nc = 1; 
% % * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
%% Check the possibility for supporting Order of mode %% ******************************************************* 
V = ko * Thickness * sqrt(nfA2-nsA2); 
aE = (ns八2-nc八2) / (nfA2-nsA2); 
Vo = atan(aE); 
Vm = Vo + orderofmode * pi; 
IX 
Appendices 
i fV>= Vm, 
%%****••*•***********•*•••••••••••氺********************** 
%% Begin Calculation 
% % * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
fprintfCequation.m','function y=equation(N) \n'); 
fprintfCequation m1,' \n'); 
fp^ntf(,equation.m,,,wavelength = %g; %% um \n', wavelength); 
fprintf('equation.mVko = 2*pi / wavelength; \n')； 
fprintfCequation.m'/nc = %g； \n',nc); 
fprintf(丨equation.m'/ns = %g； W，ns); 
fprintfOequation.m'/nf = %g; \n',nf); 
fprintf(,equation.m',,Thickness= %g; \n',Thickness); 






fprintf('equation.mVy = kx*Thickness-(orderofmode+l)*pi+ ... 
atan(kx/rs)+atan(kx/rc); \n'); 
N=real(fsolve('equation',3.401)); 
rc=ko * sqrt(NA2-nc 八 2); 
rs二 ko * sqrt(NA2-nsA2)； 










Ey(n)=Ec*exp(-rc*x); %% x>0 
X 
Appendices 
elseif x<=0 & x>=-Thickness, 
Ey(n)=Ef*cos(kx*x+Angle); %% -T<x<0 
else 





else %% This waveguide cannot support this order of mode 
disp('This waveguide cannot support such order of mode ！•); 
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